In this paper, we present the design, analysis, and testing of an ankle rehabilitation device (ARD) 
Introduction
The integrity of the human ankle joint complex ͑AJC͒ is critical for the prevention of injuries such as ankle sprains and strains. Injury to the AJC is one of the most common types of orthopedic injuries; current methods and devices for rehabilitation are varied in their efficacy. The clinical diagnosis and treatment of ankle injuries are largely dependent upon manual physical examination as well as the subjective assessment of a clinician ͓1͔. Additionally, in older adults, neuromuscular impairments are recognized as important risk factors for fall related injuries because of their influence on balance and mobility ͓2͔.
There are few quantitative physical assessment tools that are readily available for implementation in clinical practice, which both specifically evaluate the performance of the AJC and are clinically reliable ͓3͔. The development of an appropriate assessment tool is necessary to better quantify both the magnitude of neuromuscular deficit in the elderly and to monitor progress with different rehabilitative therapies among all patients with injuries to the AJC. Beyond reliability and validity, an ideal AJC assessment tool would be compact, portable, and simple to use in a variety of clinical settings. Furthermore, it would be able to test individuals in functional, weight-bearing positions that accurately represent the normal anatomical positions the joint would support.
Power output in the AJC has been shown to be correlated with functional capability ͓4͔. A device that can accurately measure power and/or torque output in the ankle joint would potentially enable a more accurate diagnosis and lead to improvements in the efficacy of a rehabilitation regimen. Unfortunately, many quantitative measurement tools available and in use today do not have this capability. Noteworthy devices with quantitative diagnostic capabilities include hand-held dynamometers, isokinetic measures, gait pressure devices, and others such as the Rutgers ankle interface. These devices can be seen in Fig. 1 and Refs. ͓5-12͔, and Tables 1-4 show performance characteristics of each device.
Methods
A tool for the quantitative measurement of the AJC function has been developed in order to enable a more clinically ideal assessment of AJC performance. the ankle rehabilitation device ͑ARD͒ presented in this paper has the potential to enable physicians to obtain measurements of ankle joint performance ͑torque, force, power, and velocity͒ over positions within the joint's full range of motion ͑ROM͒.
Ankle Joint Complex Kinematics.
The AJC has two subjoints-the true ankle joint and the subtalar joint, as can be seen in Fig. 2 ͓13͔. The true ankle joint is located near the distal end of the fibula and is responsible for plantarflexion and dorsiflexion. The subtalar joint is located inferior to the true ankle joint and is responsible for inversion and eversion. Rotation in the ankle joint about the vertical axis is achieved through a combination of the motions of the two subjoints, as well as rotation of the tibia and fibula, also known as tibial/fibular rotation ͓14͔.
The ARD simulates the movement of the AJC by allowing rotation about the axes of the two subjoints, as well as tibial/fibular rotation. Because these joints are linked in series in the foot ͓14͔, the rotations of the ARD are designed to mimic this anatomical arrangement and thus are also linked in series. The inversion/ eversion mechanism is coupled to the plantar/dorsiflexion mechanism, which in turn is connected to the ground.
Cartwheel Flexure Torque Sensor.
The ARD uses cartwheel flexures as sensors to measure the deflection and load applied by the human ankle joint. Because ankle biomechanics vary significantly from patient to patient, the ARD is designed such that measurements are taken through rotation about the same three axes regardless of the location of the ankle joints. While there is potential for losses because of disparities in the coupling between human and mechanical joint mechanics, the location of the mechanical joints are assumed to not be significantly relevant to measurement. This is a necessary design feature if the machine is to be compatible with a wide range of patient foot geometries ͓14͔.
Range of motion can be calculated based on measurements of the subject's foot correlated with rotation in the sensors. One axis of rotation simulates the true ankle joint and another simulates the subtalar joint; each allow for rotation of the respective ankle joints. Both axes are located about 3 in. ͑76 mm͒ from the average heel location both vertically and horizontally, as illustrated in Fig.  3 . The lateral malleolus is used as a landmark for plantarflexion axis alignment. The cartwheel flexures are used to measure the output of the ankle joint around these axes of rotation.
The inner and outer rings of the cartwheel flexures are radially constrained and are connected by flexure blades that deflect as the two rotate in relation to each other, as shown in Fig. 4 ͓15͔.
Strain gauges are bonded to the surface of the flexure blades, and a full Wheatstone bridge circuit is used to measure strain. This allows for accurate measurement of the bending strain in the flexure blades. While the concept shown in Fig. 4 was used in the initial prototype, a new, nested cartwheel flexure was designed to rotate up to 2 deg, with an estimated maximum load of 250 in. lb ͑28.2 N m͒ in plantarflexion and 100 in. lb ͑11.3 N m͒ of torque in inversion.
The cartwheel flexures are calibrated before they are used to accurately measure force/torque, etc. This is done by recording the Fig. 1 Gait pressure device "top left…, †6 ‡ Rutgers ankle interface "top right…, †8 ‡ hand-held dynamometer "bottom left…, †10 ‡ and isokinetic dynamometer "bottom right… †12 ‡ Transactions of the ASME relationship among torque, angular displacement, and output voltage in the calibration setup described by Ma ͓15͔, and shown in Fig. 5 . The flexure is affixed to the ground, and weights of increasing mass are affixed to the lever arm to simulate increasing load. The measured response then yields a calibration constant that is used in further measurements to calculate load, torque, deflection, and power output. After calibration, a measured torque and angular displacement can be differentiated to give angular velocity; power can be calculated by multiplication of torque and angular velocity. The cartwheel flexures used here are inherently superior for precision and accuracy because they significantly mitigate frictional and other losses, given that they operate within their elastic limits. Additionally, the Wheatstone bridge circuit ensures that the measurement will be less sensitive to temperature fluctuations ͓15͔.
Design Concepts and Concept Assessment.
Multiple concepts were considered for this device initially, with previous iterations presented at the 2010 ASME medical devices conference ͓16͔. The top two concepts considered are shown here. The device functional requirements and potential design parameters are presented first, and a weighted concept comparison chart is used to identify the best concept, as seen in Fig. 9 .
Functional
Requirements. The first step in the design process was to establish the functional requirements for the device; these can be seen in Table 5 .
Concept 1.
This design concept uses a nested 4 bar linkage mechanism to enable rotation about all three degrees of freedom in the human AJC. Rotation is about the instant centers of each set of linkages, and each nested linkage enables coupled motion about each axis of rotation. To accurately describe AJC movement, a 4 bar linkage would be stacked on top of another 4 bar linkage, orthogonal to the first linkage. Figure 6 shows a rendering of the concept solid model.
Concept 2.
This design concept most accurately simulates ankle motion. Cartwheel flexures are used for torque and rotation sensing and are placed in series to ensure that they are subjected to the same forces. Coupled motion of the AJC is easily enabled and different foot anatomies can be accommodated with this design. A solid model of the three-axis rotation concept is seen in Fig. 7. 
Concept Assessment:
Pugh Chart. When a comparison of each concept to the desired device functional requirements is made, as seen in the weighted cost comparison chart shown in Fig. 8 , concept 2 is the optimal design. Concept 1 is given a lower score for "AJC simulation" because the rotations generated using 4 bar linkages will also yield linear motion, which is undesirable in order to maintain anatomical accuracy of motion.
2.3 Modeling. The performance limit of a flexure is determined by the material's Young's modulus and yield stress. A low Young's modulus allows the flexure blades to deflect more readily, and yield stress determines how far the flexure blades can bend before failure. 7075-T6, an aluminum alloy commonly used in the fabrication of flexures ͓17͔, is used to manufacture cartwheel flexures for this device. Figure 9 shows the fatigue life for 7075-T6 aluminum. For testing purposes, a safety factor of 1.5 is assumed in order to maximize flexure rotation.
The basic cartwheel flexure, shown in Fig. 4 , was utilized in the proof-of-concept device. This design failed during testing due to its low load capacity and range of motion. Increased rotation was achieved through the nested cartwheel flexure outlined by Ma et al. ͓18͔.
Flexure Beam Bending Calculations.
Deformation of the flexure blades in the improved cartwheel flexure design is seen in Fig. 10 . Deflection of the deformed flexure blade is given by the following equation, which is a modified version of the standard cantilevered beam bending equation,
For the cartwheel flexure designed for increased load capacity, the plantarflexion flexure, there are two blades in parallel attached to both the inner and outer hubs, and therefore F applied =F/ 2. The modified displacement equation becomes 
Support a load up to 200 lb
The maximum weight supported by each leg while testing. As the radius of the flexure is 1.75 in. ͑44 mm͒, the flexure wheel is predicted to rotate 0.04 rad under the maximum load of 28.2 N m.
The cartwheel flexure designed for increased range of motion, the inversion flexure, the outer and inner blades are again in parallel. Thus, F applied to outer and inner blades =F/ 2 again. The modified equation becomes As the radius of the flexure is 1.75 in. ͑44 mm͒, the flexure wheel is predicted to rotate 0.06 rad under the maximum load of 11.3 N m.
It should be noted that the difference between each flexure design is the result of interference between flexure blades. The blades of the plantarflexion flexure are thicker and thus can support increased load; however, if this beam geometry was used in the inversion flexure, the blades would contact each other under loading and lead to nonlinearity and parasitic errors during measurement. The modified geometry for the plantarflexion flexure accounts for this.
Finite Element Analysis.
The finite element analysis of the flexure geometry is shown in Fig. 11 ; the plantarflexion and inversion flexures were both analyzed, and constraints and loads in each instance were accurately modeled. The inner "hub" was fixed, while load was applied to the outer hub. Both flexure designs resulted in improved performance over the initial cartwheel flexure design. Results of the FEA are shown in Table 6 and closely agree with the range of motion predicted by the closedform analysis.
2.4 ␣-Prototype. Initially, flexures were implemented about all three axes of rotation. However, the vertical axis flexure assembly resulted in parasitic motions in the other two axes due to biomechanical compensation by the patient during testing. Because the vertical axis is not critical to the AJC kinematics, it was removed after preliminary testing in order to improve accuracy of measurement.
A second modification was made to enable diagnostics of the ankle at different angles in its ROM. A "pin-and-dial" angle adjustment mechanism was incorporated into the design to allow for positioning of the mechanism at different plantar/dorsiflexion angles. Shifting of the foot plate was now possible to discrete angles of 0.17 rad, 0.34 rad, and 0.52 rad in the plantarflexion direction.
There are three stages to the device. The base ͑first͒ stage is a 0.5 in. ͑12.7 mm͒ thick aluminum plate; the vertical bars that are fixed to the base support the lead screw angle adjustment mechanism, as seen in Fig. 12 . They are also bolted to the inner ring of the plantarflexion flexures, as seen in Fig. 13 . The second stage is mounted rigidly to the first using shoulder bolts. These allow the device to be weight-bearing and prevent parasitic loads from being applied in nonoptimal directions to the cartwheel flexure torque sensors.
The third stage is the foot plate. It connects to the second stage through the inversion flexures in a similar fashion. Finally, the foot is strapped in securely onto the foot plate using straps. Each flexure is part of a pair; specifically, there are two plantarflexion flexures and two inversion/eversion flexures. This allows for an increased number of strain gauges and increased accuracy of measurement ͓15͔.
After a design review of the prototype, it was decided that a continuous change in angle would be optimal over discrete changes in order to take full advantage of the device's capabilities. Transactions of the ASME A lead screw was introduced into the design to allow for continuous motion. Backlash was also considerably reduced with this addition, a solid model of which is shown in Fig. 12 . The experimental prototype being used to measure ankle joint output can be seen in Fig. 14.
Experimental Results and Discussion
To use the ARD, a patient's foot must first be affixed to the device through straps attached to the device's foot plate, which would be performed under the supervision of a medical personnel. The patient's other foot must be free to move as necessary. It should be noted that the ARD is a load-bearing machine and is capable of supporting patients weighing up to 180 kg.
Testing procedures would be implemented to establish a baseline and measure maximum torque output in plantarflexion, dorsiflexion, inversion, and eversion. To do this, the patient would be directed to apply as much force as possible in each direction of rotation. Measurement of power output is achieved through extraction of force and velocity data from the strain gauge measurement. Furthermore, current clinical tests for measurement of AJC health such as the unipedal stance ͑UST͒ and star-excursion balance test ͑SEBT͒ could be executed by the patient in the ARD. The quantitative characterization of the AJC capabilities using these tests would further improve physicians' abilities to diagnose and treat ankle injuries. Improvements to the magnitude of the force and/or power output of the patient's ankle, along with reduced pain during testing, would be indicators as to the degree of ankle injury ͑if an initial visit͒ or the degree of ankle recovery ͑if a latter visit͒. Additionally, the rate of change in these parameters measured over multiple test subjects, each undergoing different rehabilitation routines or regimens, would help physicians to better determine which exercises are more efficacious for AJC rehabilitation.
Maximum torque output was measured for four test subjects in the four major directions-plantarflexion, dorsiflexion, inversion, and eversion. All testing was done with the foot in the horizontal position. The subjects were told to exert as much force as they could in each direction for 5 s. The results are shown in Tables 7-10. Figure 15 shows the coupled plantar/dorsiflexion motion exhibited by subject 1. Torque is in N m.
Because the two ankle subjoints are coupled, torque about one axis also causes torque to be applied about the other axis. For example, it can be seen that for all subjects, inversion and eversion motions also involved some plantarflexion. Inversion torque was limited to 12 N m, at which point the foot plate collided with the side of the structure. Therefore, it is expected that maximum torque values for inversion should be higher for subjects 2-4. This limitation in the design has been eliminated in time for the execution of a clinical trial utilizing this device.
When the subjects plantar flexed, some inversion was also observed. This suggests that when standing, more pressure is felt on the lateral part of the foot than the ball of the foot. It is possible that alterations in foot position or distance between the feet might have altered this pattern as well. Further study is warranted to investigate these effects.
Differences in individual ankle joint development can be seen as well from these data. Eversion by subject 1 is stronger than inversion. Conversely, inversion is stronger than eversion in the other subjects. In subject 3, inversion and eversion motions resulted in the subject also applying roughly double the torque in plantarflexion. The large coupled torque suggests that subject 3's ankle joint is less developed in the directions of inversion and eversion. Therefore, the ankle compensates and recruits muscles in largely the same motor pattern as seen in plantarflexion.
Subjects 2 and 3 show dorsiflexion coupling with eversion, while subjects 1 and 4 show dorsiflexion coupling with inversion. Plantarflexion did not show as much variation among the subjects. Therefore, it may be the case that dorsiflexion is much more subject to individual ankle development than plantarflexion.
It is usually expected that for internal rotation, plantarflexion is coupled with inversion, while for external rotation, dorsiflexion is coupled with eversion. However, these are not always the only observed modes of movement. An investigation conducted by Hicks ͓19͔ as cited by Glasoe et al. ͓20͔ showed primarily a cou- 
Conclusions and Future Work
It has been shown that the ARD can measure torque output and also highlights the coupled motions of the human AJC. Further testing is needed to verify these conclusions. Additionally, the accuracy of the device must be compared against current schools of thought in ankle joint kinematics using existing technology such as force plates. Torque data from the ARD provide insight into how each subject's ankle has developed and moves and alone can be very beneficial in a clinical setting.
Preparations for a clinical validation of the device involving between 10 and 40 patients, each from two different age groups, are currently underway. Young patients, ages 18-40, and elderly patients, aged 65+, will be considered and about half of each patient group is expected to be composed of subjects with a history of chronic ankle injuries. This study will also be utilized to develop a clinically relevant testing protocol, with subsequent analysis across groups of varying age, injury status, and physical ability conducted after validation of the device's performance.
In addition to further study with the ankle rehabilitation device, there are several improvements to the current design that are being implemented:
1. Angle adjustment mechanism. The change in angle does not occur at the rotational axis as it should. This introduces a translation, and therefore misalignment, of the axes as the angle of the foot changes. 2. Foot dimension adjustments. While the average person wears a size 10 shoe, the average basketball player wears a size 14. The rotational axes of these two joints can be misaligned by as much as 2 in. Misalignment will introduce nonlinearity into the data and can put additional stress onto the ankle joint; as such an adjustment mechanism for each axis is being added. 3. Varying flexure resistance. The current device sandwiches the sensors between stages 1 and 2. Rapid removal or addition of additional flexures to change resistance and load capacity of the device is required.
A ␤-prototype solid model, shown in Fig. 16 , includes adjustability for different foot geometries/sizes and also addresses the issues highlighted above. Foot dimensional adjustment is done through mechanisms that control vertical distances between the true ankle and subtalar joints and the vertical distance between the subtalar joint and the bottom of the patient's foot. Resistance and load capacity can be increased by simply adding additional cartwheel flexures.
